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THEORETICAL ANALYSIS OF VARIOUS THRUST-AUGMENTATION CYCIES
FOR TURBOJET ENGINES

By Bruce T. Lundin

SUMMARY

The results of analytical studies of tail-pipe-burning, water-
injection, and bleedoff methods of thrust augmentation are presented
that provide an insight into the operating characteristics and svmmsa-
rize the performance that may be obtained when applied to a typical
turbojet engine. The necessity of designing tail-pipe burners with
a low burner-inlet velocity, & low burner drag, and a high diffuser
efficiency in order to obtain both a high thrust augmentation and
to minimize the loss in normal-engine performance during nonburning
operation is illugtrated.

The ratio of augmented to normal thrust produced by a ty_pical
tall-pipe burner at sea-level altitude increased with flight Mach
number from a value of nearly 1.5 at a Mach number of O to over
340 at a Mach number of 2.0 and decreased with increasing altitude
for supersonic flight Mach numbers. Water injection is considered
for both injection into the compressor inlet and for injection into
the engine combustion chambers. With sufficient water injection
into the compressor inlet to saturate the air at the compressor oub-
let, the ratio of augmented to normal thrust at sea level increased
from l.4 at a Mach number of O to nearly 2.6 at a Mach number of 2.0.
The injectlion of water into the combustion chambers of an engine
having compressor characteristics typical of an axial-flow compressor
provided slightly less thrust augmentation than the compressor-inlet-
injection method and the specific liguid consumption was about
2 times as great.

The thrust augmentation provided by the bleedoff method was
the highest of the three methods studied for engines with compressor
characteristics typlical of either centrifugal- or axial-flow com-
pressors. The maximum augmented thrust at a flight Mach number
of O and sea-level altitude for the centrifugal-flow engine, which
was somewhat higher than for the axial-flow engine, was about
2.3 times the normal thrust of the engine.
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This thrust augmentation was, however ,. obtained at the expense of
a high rate of liquid consumption and required that stoichiometric
combustion be mainteined in the engine combustion chambers.

. INTRODUCTION

Mothods of increasing the thrust of turbojet engines for shord
periods of time are of importance in increasing the effectiveness
of this type of alrcraft power plant. Thrust-augmentation methods
find principal application in improving both the taeke-off and climb
characteristics of Jet-propelled aircraft, as well as the combat snd
high-speed performance of many militery aircraft. Three different
methods of thrust augmentation that -are of current interest and that
have been the subject of recent analytical and experimental investi-
gations are tail-pipe burning, water or water-alcohol inJjection, and
bleedoff. In order to obtain an insight into the -operating character-
istics of these three thrust-augmentation methods, an analytical
study of the performance of each method has been made at the NACA
Iewis laboratory and the resulits are presented herein.

The three methods of thrust augmentation are treated separately
and are applied to turbojet engines having a fixed set of component
efficiencies and operating conditions that are representative of
those in current use. A brief description of the principles of
operation of each augmentation method is given, together with curves
that illustrate the effects of the principal design and operating
variables of the augmentation system on the thrust and liquild
consumption of the engine. For the tail-pipe-burning method of
thrust augmentation, particular attention is given to the effect of
the burner-design parameters on both the augmented and normal engine
performance. The variation of engine performance with flight con-
ditions is presented for a representative burner design. Two mothods
of water injectlion are considered: injection into the compressor inlet
and injection into the combustion chambers of the engine. For each
method, the augmented engine performence is presented for a range of
injected water-air ratios and for several typical flight conditions.
The performance of the bleedoff cycle of thrust augmentation is
investigated for a wide range of bleedoff flow rates for zero-ram,
sea-level flight conditions; results are presented for engines
having both constant- and veriable-area exhaust nozzles and with
compressor characteristics typical of both axial- and centrifu@l-
flow compressorse.
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SYMBOLS

The following symbols are used in the analysis end in the
presentation of the results:

Cd tail-pipe-burner drag coefficient, defined as drop in
total pressure across burner due to friction divided
by burner-inlet dynamic head

c exhaust-nozzle velocity coefficient, defined as ratio
of actual to theoretical Jet velocity

F net thrust, (1b)

H

over-all fuel-air ratio
acceleration of gravity, (ft/sec?)
flight Mach number

compressor speed, (rpm)

v = B ®

total pressure, (1b/sq £+t)
static pressure, (1b/sq £t)
gas constant, (f£t-1b/(1b)(°R))
total temperature, (°R)
static temperature, (°R)

velocity, (£t/sec)

" d o & H o

engine air flow, (1b/sec)

~

ratio of specific heats
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'q.b adiabatic tail-pipe-burner-inlet diffuser efficiency, "
. 1 ‘
P\ 2=
7_ gmtg (.ﬁ) 7 -:l %
7- 'Ps -1
2 2 ’
1(v" - 7.°)
= 5 _
6 Py 7-1
o 7 -1
LA adiabatic compressor efficiency, 1 .
: —2\- 1
()
ydet Y
fl> 7 -1
Y
,  edisbatic engine-inlet diffuser efficiency, 0 s
= M
. 2
T
- (2)
n, -adiabatic turbine efficiency, ~4
-1
P\ 2=
1- <P§ 7
4
compressor-inlet total temperature, Tl s
8 gtandard NACA temperature at sea level, 518.4° R
G;ff effective temperature of fluid passing through compressor
- Subscripts:

0 free streanm

1

141

(o]

compressor inlet
’compressor outlet
‘turbine inlet
turbine outlet

tail-pipe-burner inlet

iy
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7 tail-pipe-buznqr outlet

8 exhaust-nozzle outlet

a augmented engine

J exhaust jet expanded to atmosphere
n normal, or unaugmented, engine

The engine stations to which the numerical subscripts refer
are shown in figure 1.

TAIL-PIPE BURNING

Anglysis

The tall-pipe-burning method of thrust augmentation or
afterburning as it is sometimes designated, consists in intro-
ducing and burning fuel between the turbine and the exhaust nozzle
of the engine. The increased temperature of the exhaust gasges
thus produced results in an increase in the Jet velocity and hence
an increase in the thrust. A schematic diagram of a turbojet
engine equipped for tail-pipe burning is shown in figure 1.
Bocause the velocity of the gases in the tail-pipe burner must
be sufficiently low to avoid excessive pressure losses and to
Insure satisfactory combustion, a diffuser is provided between
the turbine outlet and the tail-pipe-burner inlet. Fuel is
injected into the tail-pipe burner upstream of flame holders
that provide the stagnation regions and the turbulence necessary
for combustion. A suitable length of taill pipe is provided dowmn-
stream of the flame holders to permit completion of combustion
before reaching the exhaust nozzle. The exhaust nozzle must be of
the variable-area type, either two-position or continuously vari-
able, in order to provide for operation under both nonburning and
augmented conditlons. A more detailed discussion of the teil-pipe-
burning method of thrust augmentation, together with a generalized
method of the analysis of the cycle, is presented in reference l.

The net thrust of the engine,F, which is equal to the change in
momentum of the gases passing through the engine, may be expressed as

F =g- Erj (24£) - VEJ | (1)
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The ratio of the augmented net thrust to the normal net thrust,
which is herein designated the augmented thrust ratio, may be
written as

1235

F, _Vj,e (1455) - Vo (2)
By, Vy,n (I#g) - Vo

The values of the effective Jet velocity Vj for both the

augmented and the normal engine were determined by conventional
step-by-step calculations through each of the engine components.
An engine=inlet diffuser efficiency 1ng of 0.91 was assumed for
subsonic flight speeds; for supersonic speeds, total-pressure-
ratlo recovery factors Pq/Py of 0.95, 0.93, and 0.88 were
assumed for flight Mach numbers of 1.0, 1.5, and 2.0, respectively.
The compressor pressure ratio was taken as 4.0 at sea-level alti~
tude and a flight Mach number of O. For other flight conditions,
the pressure ratio was varied to meet the condition of congtant
work input per powmd of air. The compressor efficiency 1, was

assumed to be 0.80 and the turbine efficiency 1, Wwas assumed to
be 0.85. A pressure loss in the primery-engine combustion
chambers of 0.03 of the total pressure at the compressor outlet
was used in all the calculations. Both the augmented and normal
engines were considered to be operating at a constant ‘turbine-
inlet temperature T4 of 2000° R. Because a constant turbine-
inlet ‘temperature is assumed, it is implied that the exhaust-
nozzle area is adjusted to the proper value at all operating condi-
tions. The normal engine was assumed to have no tail-pipe pressure
losses; that is, the exhaust-nozzle-inlet total pressure was
assumed equal to the turbine-outlet total pressure. The tall-pipe
burner is considered as a constant-area duct in which the over-all
pressure drop is the sum-of the friction and momentum pressure
drop; the friction pressure drop was determined from the burner-
inlet diffuser efficiency and the burner drag coefficient, as
previously defined, and the momentum pressure drop was calculated
from considerations of the change in momentum of the gases due to
combustion. The exhaust-nozzle velocity coefficient C, was
assumed to be 0.975 for both the augmented end normal engines. A
combustion efficiency of 0.95 was used in the calculations of fuel
flow to both the primary combustion chembers and the tail-pipe
burner. Dissociation was also considered in the calculations of
fuel flow to the tail-pipe burner. "
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Calculations were made to determine the effect of tail-
pipe-burner-outlet gas temperature T;, turbine-outlet
velocity Vg, burner-inlet velocity Vg, burner-inlet dif-
fuser efficiency 1y, and bwrner drag coefficient Cg on
‘the performance of the engine under both augmented and unsug-
mented conditions. For each set of calculations, one of these
variables was systematically varied while all the others were
held constant at the following reference values:

Teil-pipe-burner-outlet gas temperature, T;, °R . 3800
Turbine-outlet velocity, Vg, Tt/56C o « o ¢ o ¢ o o s o o« 750
Tail-pipe-burner-inlet velocity, Vg, ft/sec « « « ¢ o« o « o 400
Tail-pipe-burner~inlet diffuser efficiency, Tp o « 0.8
Tail-pipe-burner drag coefficient, Cg o o o ¢ ¢ o o ¢ 0 oo 1.0

Results and Discussion

Tail-pipe-burner-outlet temperature. - The effect of the tail-
pipe-burner-outlet temperature on the augmented thrust ratio is
gshown in figure 2 for a range of burner-inlet velocities from
200 to 750 feet per second. These results are for sea-level alti-
tude and a flight Mach number of O. The turbine-outlet tempera-
ture associated with the 2000° R inlet temperature and the assumed
values of compressor 8ressure ratio and efficiency ( that is, com-
pressor work) is 1730° R and is indicated in figure 2 by the verti-
cal dashed boundary line at this value of burner-outlet temperature.

The augmented thrust ratio increases with increase in burner-
outlet temperature as & result of the accompanying increase in jet
velocity and decreases with increase in burner-inlet velocity
because of increased friction and momentum pressure drop across ‘the
burner. The performance with neither friction nor momentum pressure
losses in the tail-pipe burner, which is an idealized case of a
burner-inlet velocity of 0, ig included as the upper dashed curve
for comparison. For burner-inlet velocities below about 700 feet
Per second, a meximum burner-outlet temperature of slightly less
than 4000° R is reached when the over-all engine fuel-alir ratio is
gtolchiometric. At high burner-inlet velocities, the maximwm burner-
outlet temperatures that can be reached without affecting the
engine operating conditions are limited by thermal choking. At a
burner-outlet temperature of 3800° R and & burner-inlet velocity
of 400 feet per second, the aungmented thrust ratio is l.47. The
velues of augmented thrust ratio of less than 1.0 at a gas temper-
ature of‘l7SO° R represent a loss in wmaugmented engine performance

o s e e e e < e < v s o e e o e -
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due to the pressure losses in both the tail-pipe-burner-inlet
diffuser and in the tail-pipe-burner itself. The effect of the
various burner-design parameters on this loss in unaugmented
performance, as well.as on the augmented engine performance, will
be illustrated in greater detail in subsequent Ligures.

Turbine-ocutlet velocity and diffuser efficiency. - The
augmented thrust ratio is plotted against the 'burbme-ou'ble"c
velocity in figure 3 for a burner~outlet temperature of 3800° R
and diffuser efficiencies of 1.0, 0.8, and 0.6. A similar set
of curves is included for a gas temperature of 1730° R in order
to illustrate the performance at nonburning conditions.

For a diffuser efficiency of 1.0, both the augmented and
normal thrust remain constant with change in turbine-outlet
velocity; for the more realistic values of diffuser efficiency,
however, the performence progressively decreases with increased
turbine-outlet velocity and decreased diffuser efficiency. For
example, with a diffuser efficiency of 0.8, an increase in the
turbine-outlet velocity from 750 to 1200 feet per second results
in about a 3-percent decrease in thrust for augmented operation
and about a 2-percent decrease in wmaugmented thrust. With a
diffuser efficiency of 0.6, the adverse effects of increased
turbine-outlet velocity are even grester.

These resulis illustrate the desirability of designing the
turbojet engine with a low turbine-outlet velocity in order to
obtain high thrust augmentation and to minimize penalities arising
from pressure losses in the tall-pipe burner during nonburning oper-
ation. Alternatively, if the engine has a high turbine-outlet
velocity, every effort should be made to obtain & high diffuser
officiency.

Burner-inlet velocity and drag coefficient. - In figure 4, the
augmented thrust ratio is plotted against the burner-inlet veloclity
for a range of bwrner drag coefficients and for burner-outlet gas
temperatures of 3800° and 1730° R. An increase in the burner-inlet
velocity results in a considerable decrease in the augmented thrust
ratio for all values of burner drag coefficient for augmented oper-
ation and for the higher values of drag coefficients for nonburning
operetion. The greater effect of burner-inlet velocity on augmented
operation than on normel operation is due to the fact that for
augmented operation, the pressure losses in the burner are the result
of both the burner friction and the momentum change of the gases,
"whereas for nonburning or normel operation, only the friction pressure
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drop occurs. As might be expected, the a.ugn;en'bea thrust ratio is
comparatively waffected by an increase in the burner drag coef-
ficient at low burner-inlet velocities but, at the higher velocities 3
the adverse effects of a high drag coefficient are of significent -
magnitude. For example, at an inlet velocity of 600 feet per sec-
ond, an increase in the drag coefficient from 1.0 to 3.0 reduces

the augmented thrust ratio from 1.33 to 1.09 for augmented operation
and from 095 to 0.82 for the nonburning condition. At 400 feet per
second, which may be considered a desirable design value for the
burner-inlet velocity, the loss in performence is only about 40 per-
cent of that at 600 feet per second and, for a drag coefficient of
1.0, provides an augmented thrust ratio of 1.47 for augmented oper-
ation and 0.97 for the nonburning condition.

Although a low drag coefficient is advantageous for maximum
thrust, some drag is necessary for satisfactory combustion, par-
ticularly for altitude operation. A low burner-inlet velocity may
therefore be desirable to compensate for a high burner drag coef-
ficient and to obtain both a high thrust augmentation and to mini-
mize the loss of unaugmented or nonburning thrust. In addition,

a low inlet velocity mey also be required for satisfactory com-
bustion efficiency and stability. A reduction in the burner-
inlet velocity, however, reguires an increase in the diameter of
the burner that may often be limited by aircraft-installation con-
slderations.

Effect of flight conditions. - The effect of flight Mach num-
ber on the augmented thrust ratio is shown in figure 5 for alti-
tudes of both sea level and 35,000 feet. Included for reference
are curves of the normal thrust ratio, vhere this thrust ratio is
equal to the thrust of the normal-engine configuration divided by
the thrust obtained at sea-level altitude and a flight Mach number
of O. The augmented-thrust curves of this figure are based on the
performence of a tail-pipe burner having the same design and oper-
ating variables as were used for the reference values in the previ-
ous figures. Additional calculations for other than these values
of tall-pipe~-burner parameters at several flight speeds indicated
that, in general, the effect of the various burner-design parameters
on the augmented-thrust ratio is slightly greater at low flight
speeds and somevwhat less at supersonic speeds than they are at a
flight speed of O.

For both altitudes considered, the thrust of the normal
engine decreases slightly as the flight Mach number is first
increased and then increases as the flight speed is increased
above a flight Mach number of about 0.5. This variation of
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of thrust with £light Mach number is the result of the combined
effects of changing air flow, pressure ratio, propulsive efficlency,
and inlet diffuser efficiency that accompany the changes in flight
Mach number. The thrust at-an altitude of 35,000 feet is from

55 4o 60 percent lower than at sea level, principally because of
the decreased air density at altituds.

The augmented thrust ratio, shown by the upper curves of
figure 5, increases considerably with increase in £light Mach
number but is not greatly affected by altitude for subsonic Mach
numberse. For sea-level altitude, the augmented thrust ratio
increases from nearly l.5 at a Mach number of O to 2.0 at a Mach
nunber of 1.0 and to over 3.0 at a Mach number of 2.0. At a
flight Mach number of 2.0, increasing the altitude to 35,000 feet
decreases the augmented thrust ratio to about 2.5.

The corresponding specific fuel consumptions for both the nor-
mal and sugmented engines are shown plotted agapinst the flight Mach
number in figure 6 for altitudes of sea level and 35,000 feet. The
specific fuel consumption of the augmented engine Increases with an
_increase in £light speed up to a Mach number of about 0.8 and then
decreases with further increase in flight speed. For the normal
engine, however, the specific fuel consumption increases continuously
with increased flight speed throughout the range of speeds presented.
The increase in specific fuel consumption due to operation of the
tail-pipe burner above that of the normal engine therefore becomes
reduced asg the flight speed is increased. For example, at sea-level
altitude, the augmented specific fuel consumption varies from
2.2 times the corresponding normal fuel consumption at & Mach number
of O to about l.4 times the normel consumption at a Mach number of
2.0. At an altitude of 35,000 feet, the augmented specific fuel
consumption is about 17 percent lower than at sea level at subsonic
flight speeds and ebout 12 percent lower at high supersonic flight
speedse. )

Tnaugmented performence at cruise engine operation. - The
resulis presented in figures 2 to 6 are, as previously indicated,
for a turbine~-inlet temperature of 2000° R and thus may be con-
sidered representative of engine operation at maximum rated con-
ditionse In order to determine the effect of the tall-pipe-
burner installstion on the unaugmented engine performance at
cruise conditions, additional calculstions were made based on
engine conditions typical of reduced-speed operation at a thrust
of about 70 percent of the rated valus. These calculations indi-
cated that the thrust losses caused by the taill-pipe burner at
cruise conditions for flight Mach numbers in the range of 0.5 to 1.0
are within 1 percent of those illustrated in figures 2 to 4 for
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rated-engine conditions. This small change in the effect of
burner pressure losses with change in engine operating conditions
is a result of the counteracting effects of a decreased burner
pressure drop at cruise conditions because of the reduced burner-

- Inlet velocity and an increased influence of a given burner .

pressure drop on the Jet velocity when the exhaust-nozzle pressure
ratio is small (as exists for reduced-thrust engine operation).
WATER INJECTION AT COMPRESSOR INIET
’ Analysis
The effect of water injection at the compressor inlet of an

engine may be illustrated by a schematic plot of typical compressor
characteristics, as shown in figure 7. In figure 7, the compressor

' pressure ratio is plotted against the compressor air flow for two

values of the corrected compressor speed N/ABorf where N is the

actual rotor speed and 6gpr is an effective temperature of the

fluid passing through the compressor. The evaporation of the
injected liquid extracts heat from the air and thus reduces the
temperature of the fluid passing through the compressor below that
of the dry-compression process. For constant compressor speed N,
the decrease in the £luid temperature Oepr caused by this evapo=-

ration of the injected liguid results in an increase in the cor-
rected compressor speed N </eeff- As indicated in figure 7, this

increase in corrected compressor speed tends to increase the com-
Pressor air flow, which, together with the injected water, increasges
the total mass flow. In order to pass this increased mass flow
through the turbine nozzles, the turbine-inlet pressure must be
increased with the result that the equilibrium running condition
between the turbine and compressor is obtained at a higher pressure
ratio. The change from normal to augmented operation of the engline
may thus be represented in figure 7 as a ghift from point 1 %o
point 2. This increase Jin both the compressor pressure ratio and
alr flow is reflected throughout the engine as an increase in both
the total mass flow and exhaust-nozzle pressure ratio » both of which
increase the thrust produced.

As for the analysis of the teil-pipe-burning method of thrust
augmentation, the compressor efficiency was assumed to be 0.80, the
turblne efficiency was assumed to be 0.85, and the turbine-inlet
temperature was maintained constent at 2000° R. A COompressor pres-
sure ratlio of 4.0 was also assumed for the normal engine at sea-
level altitude and a f£light Mach number of O. For all augmented
condltions, as well as for the normal engine at other flight speeds
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and eltitudes, the compressor work input was maintained constant
at the value corresponding to that of the normel engine at the
condition of sea-level altitude and a flight Mach number of O.
Other necessaxry assumptions of inlet-diffuser efficlency,
combustion-chember pressure drop, and exhaust-nozzle velocity
coefficient were also the same as for the tail-pipe-burning
analysis. In addition, en ambient relative midity of SO per-
cent was assumed for all cases considered. '

The determination of the compressor performence for the wet-
compression process involved first the evaluation of the tempera-
ture and the water content of the saturated mixture at the compres-
gor inlet. This evaluation was accomplished by means of a paychro-
metric chart that was developed for wide ranges of pressure and
temperature conditions. The performance of the mechanical part of
the wet-compression process was then determined from a Mollier
diagram for saturated air that was specifically prepared for this

application and thet is similar in principal to the familiar Mollier

diasgram for steam. By using initial conditions corresponding to

the saturation temperature and water content at the compressor inlet,

the compression process was traced on this diagram for the assumed
values of compressor work and adisbatic efficiency; the pressure
and the temperature at the end of the wet-compression process were
read directly from the diagram. For conditions where the injected
water was completely evaporated before the end of the compression
process, the compressor performance was calculated by assuming the
process consisted of two steps: (1) compression of the wet mixture
as previously discussed; and (2) adisbatic compression of the gas
mixture celculated according to the usual thermodynsmic relations.
This procedure for determining the compressor performance with
injection is, in effect, equivalent to the evaluation of a new
effective fluid temperature 6,pp For the compressor and hence

the determination of the pressure ratio assoclated with the
increased compressor corrected speed, as illustrated by point 2
of figure 7. The increase in total mass flow for the aungmented
condition was then calculated from consideration of the flow
through the constant-area turbine nozzles for the assumed turbine-
inlet temperature and the turbine-inlet pressures corresponding
%0 the various compressor-outlet pressures. With the compressor-
outlet conditions and the mass flow through the engline thus
determined, the performsnce of the complete engine was calculabed
by conventional enalysis of the performance of the other engine
components. - o

Ve

1235
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The fuel flow for all augmented conditions was considered
to be the seme as for normal-engine operation. Although an
Increased quantity of fuel is required to provide the additional
energy for veporization of the injected water, a practical means
of providing this extra fuel has been found to be the addition of
alcohol to the injJected water. By using the proper mixture of
water and alcohol, augmented operation may therefore be obtained
with the same primary fuel flow as used in normal operation with
resulting simplification of operational procedures. Insofar as
the thrust augmentation is concerned, the thrust produced has also
been found to be materially unaffected by the amount of alcohol
in the injected mixture. The values of thrust augmentation pre-
sented herein for water injection are therefore considered appli-
cable to elther water injection alone or to the mixtures of water
and alcohol that are of practical interest; values of total liguid
consumption are, however, applicable only to the mixtures of water
and alcohol that permit operation with the same fuel flow as nor-
mal operation.

Results and Discussion

The variation in the compressor pressure ratio, the air flow,
and the augmented thrust ratio with injected water-air ratio are
shovm in figure 8. These results are all for conditions of sea-
level altitude and a flight Mach number of 0; to illustrate the
effect of inlet-air temperature, curves are shown for NACA standard
air by the solid lines and for Army summer air (40° F higher than
NACA standard air) by the dashed lines. As the water-asir retio is
increased from O, the condition of saturation of the air at the com-
pressor inlet is first reached, which is indicated by the triangles
on the curves. Further increases in the water-air ratio result in
saturation of the air at some point during the mechanical~-compression
process wntil saturation occurs at the compressor outlet; which is
indicated by the circles on the curves.

Ag previously discussed, the cooling effect of the evaporating
water results in a continuous increage in both the compressor pres-
sure ratio and the compressor air flow up to the point of saturation
at the compressor outlet. At the point of saturation of the
compresgor-inlet air, the changes in compressor performence » and hence
the thrust augmentation produced, are very small because the inlet
alr can evaporate only a small amount of water at these flight condi-
tionse. For saturation at the compressor outlet » however, the water-
alr ratio for NACA stendard air is sbout 0.048, which produces an
increase in pressure ratio from the normal velue of 4.0 up to 4.9
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and an associated increase in air flow of about 15 percent.
Although the actual magnitude of both the pressure ratio and the
air flow is lower at the higher air temperature, the percentage
increase in both these variables with increasing water-air ratio
is greater than for NACA standard air and the condition of sat-
uration at the compressor outlet occurs at a higher water-zir
ratio. The augmented-thrust ratio, shown in the upper part of
the figure, increases continuously with increased water-air ratio
and, for saturation at the compressor outlet, reaches a value of
slightly over 1.40 for NACA standard air and a value of 1.50 for
Army summer air. Although the augmented-thrust ratio is greater
for the higher air temperature, the actual augmented thrust pro-
duced is lower because of the lower normel thrust for this condi-
tion.

These water-air ratios are the ideal ratios for thermodynamic
equilibrium between the air and the water throughout the compression
process. The water-air ratios reguired in actual operation have
been found to be somgwhat higher than these ideal values and, unlike
the other thrust-augmentatlon methods considered herein, the com-
puted values of thrust augmentation are somewhat optimistic com-
pared with actual experience. Although the cause of this departure
of the actual process from the ideal one is not completely under-
stood, a lack of equilibrium between the air and the water and
increased losses in the compressor due to the presence of the water
are probebly contributing factors.

The effect of injected water-air ratio on the augmented thrust
ratio is further illustrated in figure 9 for several flight Mach
numbers and for altitudes of sea level and 35,000 feet. For these
calculations, ambient conditions corresponding to NACA standerd air
were used. The salient characteristic of these curves is the large
increase in both the augmented thrust ratio for a given water-air
ratio and in the water-air ratio at which saturation at the compressor
outlet is reached with an increase in flight Mach number. ¥For exsmple,
at sea-level altitude, the augmented thrust ratio for compressor-
outlet saturation -increases from a value of l.4 at a flight Mach num-
ber of O up to nearly 2.6 at a flight Mach number of 2.0 with an
attendant increase in the water-air ratio from 0.048 to 0.l1l5. For
saturation at the compressor outlet, the thrust augmentation at
an altitude of 35,000 feet is slightly over 0.5 times as great as
at sea level and the required water-air ratios are about 0.75 times
as large. Although the thrust augmentation provided by saturation
of the inlet air is insignificant at a flight Mach number of 0, an
appreciable amount of water may be evaporated ahead of the compressor
at high Mach numbers ané large increases in thrust may be thus obtained.

1235
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The specific ligquid consumption (including both injected water
-and fuel flow) is plotted in figure 10 as a function of the injected
water-air ratio for the same range of flight conditions as in fig-
ure 9. For all flight conditions, the specific liquid consumption
increases almost linearly with injected water-air ratio, increases
with £light Mach number, and decreases as the altitude is increased.
For sea-level altitude, the specific liguid consumption for condi-
tions of saturation at the compressor outlet increases from 3.2 to
8.8 pounds per hour per pound of thrust as the flight Mach number is
increased from O to 2.0. At these limiting water-air ratios,
increasing the altitude to 35,000 feet decreases the specific liquid
consumption about 30 percent for the range of flight speeds presented.
These values of specific liquid consumption at gea-level altitude
are 2.9 and 5.2 times the specific fuel consumption of the normal
engine for flight Mach numbers of O and 2.0, respectively.

WATER INJECTION INTO COMBUSTION CHAMBERS
Analysis

The effect of water injection into the combustion chambers

- on the engine operating conditions may also be illustrated by ref-
erence to a typical compressor-characteristic curve, as shown in
figure 11l. In this figure, the relation between the compressor
pressure ratio and the compressor air flow is shown for one com-
Pressor speed and the surge limit of the compressor is represented
by the dashed line. Point 1 is considered as the normal-engine
operating point.

For conditions of choked flow through the turbine nozzles
with a constant turbine-inlet temperature, the total mass flow
through the engine ig dependent only on the turbine-inlet pressure
(neglecting the less~important effects of the thermodynamic proper-
ties of the fluid). Because of this limitation on the total mass
flow, the injection of liguids into the combustion chembers tends
to decrease the air flow through the compressor. This decrease in
alr flow, however, is accompanied by a simultaneous increase in
the compressor pressure ratio, as illustrated by the compressor-
characteristic curve of figure 1ll. Because ‘the compressor rotor
speed is constant, the new compressor operating condition may be
represented by point 2 on the curve. This increase in pressure
ratio, in turn, permits an increase in the totel mass flow through
the turbine with the result that a new equilibrium running point
of the engine having a lower compressor air flow, a higher compressor
Pressure ratio, and a higher total mass flow is obtained. The thrust
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augmentation produced therefore depends on the operating character-
istics of the compressor and is a result of both the increased total
mass flow and higher jet velocity provided by the increased pressure
ratio. In addition to these effects, the increased gas constant and
' gpecific heat of the water-air mixtures also contribute, to a smaller
degree, to an increase in the turbine-outlet pressure and hence in
the Jjet velocity. From the diagram of figure 11, it is obvious that
the amownt of water that may be injected will be limited by
COmpresSsor Surgs.

The analysis of the combustion-chamber injection method of
thrust augmentation is based on a compressor having the character-
istics illustrated in figure 12. These characteristics were
established in a somewhat arbitrary manner from the test results
of a full-scale compressor but are considered typical of current
axial-flow compressors. The use of combustion-chamber injection
with a compressor having an essentially flat characteristic, such
as current centrifugal-flow compressors, is not considered of practi-
cal interest because of the very limited obtainable increase in
pressure ratio, and hence in engine thrust. Because all engine
operation is considered to be at a constent compressor speed N,
the corrected speed N,(/é_ for various flight conditions is
inversely proportional to the square root of the compressor-inlet
temperature. The five constant-speed curves of figure 12, varying
in the value of N//8 from 100 percent to 74.6 percent of the
rated value, thus represent the compressor operating line for flight
Mach numbers of 0, 0.5, 1.0, 1.5, and 2.0 at sea level, respectively.
The pressure ratio of this compressor was set at a value of 4.0 for
normal operation at sea-level altitude and a flight Mach number of O
to be consistent with the other thrust-augmentation methods con-
sidered. The normal-engine operating line for a constant turbine-
inlet temperature and for flight at various Mach numbers was
established from considerations of equilibrium~flow conditions
between the compressor and the turbine. This operation at constant
turbine-inlet temperature for a range of flight speeds (or corrected
compressor speeds) may, of course, require the use of a variable-
ares, exhaust nozzle.

In addition to the assumption of this compressor characteristic,
a compressor efficiency of 0.80, a turbine efficiency of 0.85, and
a turbine-inlet temperature of 2000° R were assumed., This assumption
of constant compressor efficiency requires that the compressor work
per pound of air, and hence the compressor slip factor, be varied as
the operating point of the compressor is varied along a constant
corrected-speed line. Based on a study of the actual characteristics
of several axial-flow compressors, this assumption of constant
efficiency is considered to be a fairly accurate idealization of
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actual performance for the range of operating conditions involved
in the analysis. Conversely, a slight reduction in efficlency is
normally encountered when the corrected compressor speed is reduced
from the design value; the error introduced in the computed thrust
sugmentation at the various flight speeds considered by the
assumption of a constant efficiency is, however, small because both
the augmented and normel thrust are affected by the compressor
efficiency in about the same manner. Other essumptions of-inlet-
diffuser efficiency, combustion-chember pressure drop, and exhaust-
nozzle velocity coefficient were also the same as for the other
thrust-augmentation cycles previously presented. For each flight
condition and hence each compressor operating line of interest, the
equilibrium running point between the compressor and the turbine
was determined for various injection rates by graphically super-
imposing the compressor and the turbine flow characteristics. By
using the compressor pressure ratio and air flow thus determined,
the performance of the complete cycle was computed using conventional
thermodynamic methods of analysis.

-

Results and Discussion

The verietion of the compressor pressure ratio, the air flow,
the total mass flow, and the augmented thrust ratio with injected -
water-air ratio are shown in figure 13. The simultaneous increase
in the pressure ratio and the decrease in the air flow resulting
from the assumed compressor characteristics is shown by the two
lower curves. The sssumed compressor surge line limits the injection
rate to a water-air ratio of about 0.16, at which point the pres-
sure ratio has increased to 4.65 and the air flow has- decressed to
about 95 percent of the normal value. The total mess flow through
the engine, which is equal to the sum of the alr flow, the fuel flow,
and the inJected water, increases from a normal value of about
1.018 times the air flow to a meximum value of 1.12 times the normsl
eir flow, or an Increase of 10 percent. The augmented thrust ratio
resulting from these changes in pressure ratio and mass flow increases
almost linearly with increased water-air ratio and reaches a value
of 1l.32 at the assumed compressor surge point.
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The thrust avgmentation provided by combustion-chamber injection
is shown in figure 14 for a range of flight Mach numbers at sea-
level altitude; performance of the compressor-inlet injection method
is included for comparison. The water-air ratlos and. the specific
1liguid consumption associated with each of these ‘two methods of
injection are shown in the upper part of the figure. For each
flight Mach number, the injection at the compressor inlet was
agsumed sufficient to saturate the air at the compressor oublet
and the injection into the combustion chambers was taken as the
limiting value at the compressor surge point. Although engine
operation at the compressor surge point is recognized as being an
impractical mode of operation, the results are presented on thils
basis in order to illustrate, for the assumed compressor, the
limiting or maximm values of thrust augmentation obtainable.

The augmented thrust ratio obtained by combusgtion-chamber
injection rapidly increases with flight Mach number and reaches a
velue of about 2.40 at & flight Mach number of 2.0. TFor the range
of flight speeds considered, these values of augmented thrust ratio
are from 6 to 12 percent lower than those obtained by injection at
the compressor inlet. The water-alr ratios for combustion-chamber
injection also increase with increased flight speed and reach a
value of about 0.28 at a Mach number of 2.0. These water-air ratios
are sbout 3 times as great as for compressor-inlet injection at low
flight speeds and about 2.5 times as great at high f£light speeds.
Bocause of the difference in augmented air flows for the two methods,
however, the actual water-injection rates are roughly 2 times as
great for the combustion-chamber-injection method as for the
compressor-inlet-injection method.

~ The specific ligquid consumption for combugtion-chamber
injection increases from a value of about 8 pounds per hour per
pound. of thrust at a Mach number of O to about 15 powmds per hour
per pound of thrust at a flight Mach number of 2.0. These values
of specific liquid consumption are 2.4 and 1.7 times as great as
for compressor-inlet injection and about 7.0 and 8.9 times the
gpecific fuel consumption of the normal engine for flight Mach
numbers of O and 2.0, respectively.
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BLEEDOFF
Anplysis

In the bleedoff cycle of thrust augmentation, the secondary
combustion or dilution air, which is normally required to prevent
the turbine-inlet temperature from exceeding permissible values 3
1s bled off from the combustion chambers (or compressor outlet) -
and ducted to an auxiliary combustion chamber where it is burned
to a high temperature and discharged through an auxiliary exhaust
nozzle. This air that is bled off is replaced with water that
vaporizes in the combustion chamber and passes through the turbine
as steam. Thus, in essence, the dilution air is replaced with
steam and at the seme time a high-pressure air supply for an aux-
iliary jet is made available. The injection of water into the
compressor inlet, as previously discussed, is also considered as
a part of the bleedoff cycle of operation in order to take adven~
tage of the increased compressor pressure ratio and air flow
obtained by this method. A schematic diagram of a turbojet engine
equipped for thrust augmentation by the bleedoff method is pre-
gsented in figure 15. This bleedoff engine may be considered as
consisting of two main components, the normal (primery) turbojet
engine, which is fitted with a bleedoff manifold and the necessary
water-injection nozzles, and an auxiliary (or secondary) engine
that consists essentially of the auxiliary combustion chamber and
exhaust nozzle. A shut-off valve is provided in the ducting con-
necting these two engines, which is maintained in the open
‘position for bleedoff operation and may be closed to return the
engine to normal operating conditions.

The enalysis of the bleedoff cycle of thrust augmentation was
made for two different types of compressor characteristic. One of
these characteristics was similar to that of the typical axial-
flow compressor assumed for the combustion-chamber-injection
analysis and the other was typical of current centrifugal-flow
compressors. These two characteristics, together with the assumed
surge limits, are illustrated in figure 16. The particular values
of pressure ratio and air flow ghown in this figuwre will be dis-
cussed in a subsequent paragraph. For convenience in terminology,
engines having these two types of compressor shall be denoted as
the axial-flow-type and centrifugal-flow-type engines.
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For each type of engine, several modes of operation are possi-
ble depending ocn the menner in which the area of the exhaust nozzle
on the primery engine is permitted to vary. ZFor the pregent analy-
sis, the performance of both the axial- and centrifugal-flow engines
was determined for both a constant- and a variable-area exhaust
nozzle. For the case of the variable-area nozzle, the area was
selected as the value that provided the largest combined thrust of
the primary end secondary engine for a given total lJiguid consump-
tion or, conversely, the minimwm liguid consumption for a given
total thruste. This mode of operation shall be considered as
occurring with an optimum-ares exhaust nozzle. In addition to
the preceding four cases, resulbs are also presented for a vari-
ation of the exhaust-nozzle ares that provides a constant com~
pressor air flow, and hence constent pressure ratio, for all con-
ditions of bleedoff operation. This operation at a single com-
pressor operating point, which shall be designated the constant
air-flow case, is considered of interest because the results will
be applicable to engines having any type of compressor characteristice.

For the axial-flow engine, the compressor efficlency was
assumed to be constant at a value of 0.80, which, as previously
discussed in connection with the combustion-chamber-injection analy-
sis, results in a vaeriation of the compressor slip factor, and hence
in the compressor work, as the operating point of the compressor
is varied. For the centrifugal-flow engine, however, the compressor
efficiency was assumed to be 0.80 only at the point of zero bleed-
off and for all other conditions was varied to satisfy conditions
of constant slip factor. This assumption of constent efficlency
for the axial-flow compressor and constent slip factor for the
centrifugal-flow compressor was based on a study of the .actual
cherecteristics of several typical compressors and is considered
+0 be a fairly accurate idealization of the characteristics of each
type of compressor over the range of operating conditions involved
in the present analysis. For all calculations, the turbine efficiency
was assumed to be 0.85 and the turbine-inlet temperature was maln-
tained constant at 2000° R. The injection rate at the compressor
inlet was assumed to be sufficient to maintain a constent water-
air ratio of 0.03, except for one example in which it was increased
sufficiently to obtain saturated air at the compressor outlete The
fuel flow to the primery engine was obtained for the various
combustion-chamber water-sir ratios and temperature rises from the
charts of reference 2. The secondary-engine fuel-alr ratlo was
assumed to be stoichiometric Ffor all conditions presented and the
effects of dissociation were considered in the determination of
the outlet gas temperature. The combustion efficiency of both the
primary and secondary engines was asgumed to be 0.95. The pressure

1235



Ggeet

NACA TN 2083 ' . : 2l

loss iIn the bleedoff ducting was taken the same as the Dressure
drop in the primary combustion chembers; that is, the total
pressure at the secondary-engine inlet was the same as the
turbine-inlet pressure. The velocity coefficient of both the
constant- and variable-area exhaust nozzles on the primary engine,
as well as the exhaust nozzle of the secondary engine, was assumed
to be 0.975. The maintainance of these assumed operating condi-
tions implies that the proper size of exhaust nozzle is provided
on the secondary engine for the specified flow conditions at every
operating point. All calculations were made for a flight Mach
nuber of O and sea-level altitude.

The compressor pressure ratio and compressor mass flow for
injection at the compressor inlet were first determined by the
compressor-inlet-injection analysis previously presented; by using
these values as the normal operating point of the compressor s the
desired compressor-characteristic line to be usged for various bleed-
off and combustion-chamber-injection rates was drawn through this
point. ZFor an inlet injection of & water-air ratio of 0.03, the
pressure ratio is 4.65 and the compressor mass flow (air flow plus
inlet water injection) is about 1.15 times the normel air Flow.

As illustrated in figure 16, this operating point is commén o both
compressor characteristics. The range of air flow and pressure ratio
illustrated by the extent of the lines in figure 16 represents the
range of compressor operating conditions accompanying the range of
bleedoff and injection conditions covered by the analysis.

Various values of bleedoff flow and combustion-chamber-injection
rates were then assumed (requiring variations in the exhaust-nozzle
area) and » for each pair of values, the relation between turbine-
inlet pressure (also compressor-outlet Pressure) and compressor
mass flow was established from the flow conditions through the choked
turbine nozzles. This relation between compressor-outlet pressure
and mass flow based on the turbine characteristics was superimposed
on the desired compressor characteristics; the equilibrium engine
operating condition for the assumed bleedoff and water-injection
flows was determined by the intersection of the two curves. The
compressor work, the turbine work, and hence the turbine-outlet
conditions and the primary-engine thrust, as well as the secondary-
engine thrust, were computed by conventional thermodynamic methods
of analysis.
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The preceding method was repeated for wide ranges of both
bleedoff flow and combustion-chamber-injection rate and, for each
case, both the various parameters of engine performance and the
primary-engine exhaust-nozzle size were determined. Plots of the
engine-performance variables against exhaust-nozzle gize were then
made from which cross plots for either the constant-area nozzle or
the desired type of area variation could be made. The constant- )
area exhaust nozzle was, of course, of the same area as for normal
or unaugmented engine operation. A check calculation was also made,
which indicated that the exhaust-nozzle area for inlet injection
alone et & water-air ratio of 0.03 was also the same as for normal
operation. The results of the present bleedoff analysis at the
point of zero bleedoff therefore correspond with the results of the -
inlet-injection analysis previously presented at a water-air ratio
of 0.03.

Results and Discussion

Bleedoff and water-injection rates. - The relation between the
bleedofT Tlow rate and the water-injection rate into the primary-
engine combustion chembers for both the axial- and centrifugal-flow-
type engine is shown in figure 17. Both the bleedoff flow and the
injection rate are presented as a ratio of the flow rate to the alr
flow of the normal, or wnaugmented engine, and shall be designated
the water-injection ratio and bleedoff-flow ratio, respectively.

For the constant-ares exhaust nozzle, presented in figure 17(a),

the required water-injection rate increases almost linearly with an
increase in bleedoff flow for both the axial- and centrifugal-flow-
type engines. The amount of water injection required, however, is
considerably greater for the centrifugal-flow engine than for ‘the
axial-flow engine with about 0.6 pound of water required to replace
each pound of bleedoff air for the centrifugal-flow engine as com-
pared to only 0.4 pound of water per pound of air for the axial-flow
engine. For both engines, the maximum operable bleedoff flow is
reached when the fuel-air ratio in the primery-engine combustion
chamber becomes stoichiometric. These maximum bleedoff flow ratlos,
shown by the end points of the curves, are about 0.48 and 0.65 for
the centrifugal- and axial-flow engines, respectively. )

The performance with the optimum-ares exhaust nozzle for each
type of engine, as well as the condition of constant air flow, is
presented in figure 17(b). The veriation in the exhaust-nozzle
area for each case is also incluyded in the upper part of the fig-
ure. With the optimum~-ares exhaust nozzle, the relation between .
the bleedoff-flow rate and the water-injection rate is simllar for

1235



NACA TN 2083 23

both types of engine, with somewhat lower bleedoff flows being
obteined with the centrifugal-flow engine than with the axial-

flow engine. With both types of engine, a considerable amownt

of air can be bled off without injection into the combustion
chembers (with increasses in the exhaust-nozzle area), representing
the optimum conditions of minimum ligquid consumption. A further
increase in thrust, however, requires water injection with the
amount increasing in approximately direct proportion to the bleed-
off flow, as illustrated by the rising portion of the curves. A%
the maximum bleedoff-flow ratios of 0.5 for the centrifugal-flow
engine and 0.57 for the axial-flow engine, the fuel-air ratio in

the primsry-engine combustion chamber becomes stoichiometric.
Further increases in thrust are, however, possible by reducing the
bleedoff flow to provide the primary engine with more air and making
up the resulting decrease in secondary-engine thrust by increasing
the water injection in the primsry engine, as illustrated by the
uppermost portion of the curves. This decrease in bleedoff flow
end increased injection rate shifts the compressor operating point
to higher pressure ratios until the limiting condition of compressor
surge is reached at a bleedoff-flow ratio of 0.39 for the centrifugal-
flow engine and 0.23 for the axial-flow engine. At this limiting
condition, approximately 0.85 pound of water is required for each
pound of air that is bled off for the centrifugal-flow engine and
about 1.60 pounds of water per powund of air are required for the
axial-flow engine. The apparent anomaly of the optimm-area nozzle
requiring greater water-injection rates than the constant-area
nozzle (see fig. 17(a)) for a given bleedoff-flow ratio in the region
of high bleedoff flows is explained by the correspondingly greater
thrust provided by the primsry engine under these conditions s &8
will be illustrated later.

For the case of constant compressor air flow, about 0.75 pound
of water is required to replace each pound of bleedoff air. Because
both the compressor air flow and the turbine-inlet pressure and
temperature are constant for this condition, the replacement of water
for air in the primary combustion chambers differs from a direct
1:1 ratio only because of the chenging thermodynamic properties of
the mixture passing through the turbine. The maximum bleedoff-flow
ratio for these conditions, which occurs at stoichiometric fuel-air
ratio, is about 0.415.

The variation in size of the optimm-area exhaust nozzle, shown
in the upper part of the figure, is within about 10 percent of either
side of the normal area for both types of engine over the range of
operable bleedoff flows. During the phase of bleedoff without water
injection, an increase in the nozzle size is necessary to prevent
an increase in the turbine-inlet temperature. With an incressge in
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water injection accompanying the increased bleedoft » however, the
nozzle size is decreased because both the turbine-inlet pressure

is increased and the pressure drop across the turbine is decreased
by the water injection. For the constant-air-flow condition, the
exhaust-nozzle area decreases almost linearly with increased bleed~
off flow and reaches a value of about 0.95 times the normal area
at the maximum operable bleedoff flow. This variation in nozzle
area is a result of the decrease in both exhaust mass flow and tur-
bine pressure ratio caused by the changing thermodynamic properties
of the working fluid.

Performance of primary engine. - The variation of both the
total liguid flow and the thrust of the primary engine with bleed-
off flow is presented in figure 18(a) and 18(b) for the constant-
and variable-ares exhaust nozzles, respectively. For all operating
conditions presented, the total liquid flow exhibits characteristics
very similar to those of the combustion~chamber-injection flow illus-
trated in figure 17 because the other liquld flows involved (fuel
flow and inlet-injection flow) are approximately constant and of
relatively smeller magnitude. At zero bleedoff flow, the liquid
flow is about 5.8 percent of the normal engine air flow, which con-
sigts of the engine fuel flow and the compressor-inlet injection.
For the constant-area exhaust nozzles (fig. 18(a)), the liguid flow
increases almost linearly with increased bleedoff flow and reaches
values of spproximately 39.0 and 30.0 percent of the normal air
flow at the maximum bleedoff conditions for the centrifugal- and
axial-flow engines, respectively. The maximum liquid flows for
the optimum-area exhaust nozzles (fig. 18(b)) are 41 and 46 percent
of the normal sir flow for the centrifugal- and axial-flow engines,
_ respectively, at which condition the primsry-engine combustion
chambers are operating stoichiometrically and the compressors are
operating at the surge limit.

The primary-engine thrust with the constant-area exhaust nozzle
(upper pert of fig. 18(a)) decreases approximately linearly as the
bleedoff flow ig increased for the axial-flow engine and is nearly
congtant for the centrifugal-flow engine. For the axial-flow engine,
the thrust varies from 1.28 times the normal thrust at zero bleed -
off (effect of inlet Injection alone) to about 0.75 times the normal
thrust at the maximum bleedoff-flow ratio of 0.65. In spite of
this decrease in primary-engine thrust, the utilization of the bled
air in the secondary engine results in an increasing total thrust
output, as will be 11lustrated leter. The much larger reduction in
thrust with bleedoff. flow for the axial-flow engine than for the
centrifugal-flow engine is a direct result of a shift in the oper-
ating point of the axial-flow compressor to lower pressure ratios
as the bleedoff flow is increased, as compared with the approximately
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constant pressure-ratio characteristics of the centrifugal-~-flow
compressor. The resulting reduction in turbine-inlet pressure
tends to reduce the engine thrust by the combined effects of the
reduced pressure itself, a lower mass flow through the turbine s
and an Increase in the work per pound of fluid that must be
extracted by the turbine.

For the optimum-aree exhaust nozzle (fig. 18(b)), the thrust
of both the centrifugal- and axial-flow engine decreases very
rapidly with increased bleedoff flow in the region of low bleed-
off and zero water injection because of the attendant decrease
in mass flow and turbine-outlet pressure, as previously discussed.
Although these values of thrust with the optimum-srea exhaust
nozzle are lower than with the constent-area nozzle (fig. 18(a))
in the region of low blesdoff flows, they will be subsequently
shovn to be superior operating conditions. For bleedoff-flow
ratios greater than about 0.3 (fig. 18(b)), the thrust of both
engines increases slightly with increased bleedoff flow because the
alr that is bled off is almost exactly replaced by the water injection
and the higher values of the gas constant and specific heat of the
water-air mixture passing through the turbine resulis in a slight
increase in the turbine-outlet pressure. After stoichiometric com-
bustion is reached in the primary combustion chamber (at the maximum
bleedoff-flow ratios), the thrust increases very rapidly because
the bleedoff flow is decreasing and the injection flow is increasing,
both of which increase the totel mass flow through the engine.

For the constant-air-flow condition, the thrust increases
slightly with increased bleedoff flow because of the decrease in the
turbine pressure ratio, and hence the increase in the turbine-
outlet pressure and Jjet velocity, as previously discussed.

Performence of secondsry engine. - The thrust and total liguid
(fuel) flow of the secondary engine is shown for the same range of
bleedoff flows in figure 19 for the axial- and centrifugal-flow
engines and for the constant- and variable-ares exhaust nozzles.
Because the secondary engine was assumed to be operating at stoichio-
metric fuel-air ratio, the liguid-flow curve is simply a straight
line with & slope of about 0.068. The thrust increases approximately
linearly with bleedoff flow at about the same rate for all the var-
ious engine and exhaust-nozzle types considered and varies from O
at zero bleedoff to a meximum value of 1.3 times the thrust of the
normal engine at the maximum bleedoff-flow ratio of 0.65 (axial-
flow engine with constant-area exhaust nozzle). For bleedoff-flow
ratios of slightly less than 0.5, the secondary-engine thrust is
the same as the normal-engine thrust. The somewhat smaller thrust
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per pound of bleedoff flow for the axial-flow engine as compared
with the centrifugal-flow engine is a result of the lower
compresgsor-outlet pressure of the axial-flow engine at high bleed-
off flows and hence lower inlet pressure to the secondary engine.

X Performence of complete engine. - The performence of the com- '
plete engine is shown in figure 20 as a plot of the augmented thrust
ratio against the augmented liquid ratio (ratio of total liquid

flow to normal fuel flow). An auxiliary abscisea scale of the ratio
of total liquid flow to normael air flow is included for reference.
Five curves are shown in this figure, which represent the performance
of both the centrifugal- and axial-flow engines, each with constent-
and optimum-area exhaust nozzles, and the case of constant compressor
air flow. The specific liquid consumption, which is egqual to the
avgmented ligquid ratio divided by the augmented thrust ratlo times
the normal specific fuel consumption of the engine, is shown by the
straight lines superimposed on the thrust curves. The occurrence

of stoichiometric fuel-air ratio in the primesry-engine combustion
chamber and of compressor surge are also noted wherever applicable

by the circle and triangle symbols, respectively. The square sym-
bol represents the condition of sufficient injection at the com-
pressor inlet to saturate the air at the compressor outlet for the
constant-air-flow case. The condition of zero bleedoff is repre-
sented by the point where all five curves became coincident at an
augmented thrust ratio of 1.28 and an augmented liquid ratio of 3.30

For all five cases considered, the augmented thrust ratios at
a given sugmented liquid ratio are of about the same magnitude and,
except in the region of maximum liquid ratios with optimum-ares
exhaust nozzles, increase in an approximately linear menner with an
increase in the augmented liguid ratio above the point of zero bleed-
off. For augmented liguid ratios greater than gbout 12, the aug-
mented thrust ratio is slightly higher for the centrifugal-flow
engine than for the axial-flow engine for both types of exhaust
nozzle. This superior performance of the centrifugal-flow engine,
vwhich is in opposition to the results obtained by combustion-chamber
injection alone, is, as previously discussed, a result of the-
epproximately constant-pressure~-ratio characteristics of this com-
pressor over the operable range of bleedoff flows as compared with
the decreased pressure ratio of the axial-flow compressor with
increased bleedoff flow. For both the centrifugal- and axial-flow
engines, the augmented thrust ratios are about the same with both
the constant- and optimum-area exbaust nozzles for most of the opera-
ting range but, for the axial-flow engine, operation at higher aug-
mented liquid ratios are possible with the optimum-area exhaust
nozzle. Thus, for all operating conditions for the centrifugal-flow
engine and for augmented thrust ratios below about 2.0 for the
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axisl-flow engine, using a variable-area exhaust nozzle is of
little advantage; the principal adventage of the varisble-ares
nozzle is that, for the axial-flow engine, a higher maximum

velue of thrust augmentation may be reached. -

For-the axial-flow engine with the constant-area exhaust
nozzle, the maximum sugmented thrust ratio is slightly over 2.0
and the associated augmented liquid ratio is about 19. With the
optimum-aree exhaust nozzle on this engine » ‘the maximum aug-
mented thrust ratio is slightly over 2.2 when the augmented liquid
ratio is about 25. For the centrifugal-flow engine, the maximum
augmented thrust ratio is about 2.3 at an augmented liquid ratio
of nearly 24 for both the constant- and optimum-area exhsust nozzles.

The condition of constant air flow, which requires a variable-
area exhaust nozzle, results in engine performsnce that is very
nearly the same as that of the optimum-ares nozzle on the sxial-
flow engine. The maximum augmented thrust ratio for this condition
of operation, which can be obtained with any type of compresgsor )
characteristic, is slightly over 2.2. A comparison of this curve
with the square symbol indicates that, at a given augmeénted liquid
ratio, an increase in the water injection at the compressor inlet
from a water-air ratio of 0.03 to that required for saturation at
the compressor outlet (0.048l) resulted- in gn increase of only
slightly over 1 percent in the augmented thrust ratio. At the maxi-
mum operating condition, the specific liguid consumption varies
from 10.5 pounds per hour per pound of thrust for the axisl-flow
engine with the constant-area exhaust nozzle up to about 13 pounds
per hour per pound of thrust for this engine with the optimum-ares -
exhaust nozzle. The specific liquid consumption of this method
of thrust augmentation at the maximum operating condition is thus
from 9.5 to 12 times the specific fuel consumption of the normal engine.

These maximum values of augmented thrust ratio, which are for
a flight Mach number of O and sea-level altitude, are congiderably
higher than are possible by eny of the other thrust-augmentation
methods presented. Thus, the method of air bleedoff provides very

. large take-off thrust augmentation but at the expense of high rates

of liquid consumption. The practical attainment of these high val-
ues of thrust augmentation requires, however, that combustion be”
mainteined in the engine combustion chambers at high fuel-air ratios
and for relatively high rates of water injection.
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SUMMARY OF RESULTS

The following results were obtained from a theoretical
investigation of the application of tail-pipe~burning, water-
injection, and bleedoff methods of thrust augmentation for tur-
bojet engines representative of current design practices and
operating conditions:

1. Tail-pipe burning. - In order to obtain high thrust aug-
mentation and to minimize the loss in normel-engine performance
dwring nonburning operation arising from pressure losses in the
burner, the tail-pipe burner should have a low burner-inlet
velocity, a low burner draeg, and a high diffuser efficiency
(especially for engines having e high turbine-outlet velocity).

For a typical tail-pipe-burner design, the ratio of augmented to
normal thrust for sea-level operation increased with flight Mach
number from a value of nearly 1.5 at a flight Mach number of O to

over 3.0 at a Mach number of 2.0. The thrust augmentation was
comparatively wmaffected by altitude at subsonic flight speeds

but decreased appreciably as the altitude was increased from sea
level to 35,000 feet at high supersonic speeds. The total specific
fuel consumption during tail-pipe-burning operation at gea-~level alti-
tude was 2.2 times the normal consumption at a flight Mach number of

0 and about l.4 times the normal consumption at a Mach number of 2.0.

2. Water injection. - With water injection into the compressor
inlets, the evaporative cooling of the air resulted in an increase
in the corrected compressor speed and an associated increase in
both the compressor pressure ratio and air flow. The thrust aug-
mentation produced increased considerably with increased f£light
Mach number and decreased with increasing altitude. With sufficient
water injection to saturate the air at the compressor outlet, the
ratio of augmented to normal thrust at sea level increased from l.4
at a flight Mach number of O to nearly 2.6 at a Mach number of 2.0
with an attendant increase in the water-air ratio from 0.048 to
0.115. The total specific liquid consumption for these .conditions
of operation was 2.9 and 5.2 times the specific fuel consumption of
the normal engine for f£light Mach numbers of O and 2.0, respectively.
The injection of water into the combustion chamber was shown to
cause a shift in the compressor operating point to a higher pressure
ratio, which in turn increased the total mass flow through the
turbine. The maximum thrust augmentation produced by combustion-
chamber injection for an engine having compressor characteristics
typical of an axial-flow compressor was slightly less than that
obtained by compressor-inlet injection; specific liquid consumption
was about 2 times as great.
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3« Bloedoff. - The ratio of augmented to normal thrust
obtained by the bleedoff method increased almost linearly with
total liguid flow for both axial- and centrifugal-flow-type
engines and was the highest of the three systems studied. For
the centrifugal-flow-type engine, which had a relatively flat
compressor characteristic, the maximum augmented thrust at a
flight Mach number of O and sea-level altitude was about 2.3 times
the normal thrust with either a constant-area exhanst nozzle or a
variable-area exhaust nozzle set at the optimum area. For the
axlal-flow engine, which had a steep compressor-characteristic
curve, the maximum augmented thrust at these flight conditions was
slightly over 2.0 times the normal thrust with a constant-area
exhaust nozzle and about 2.2 times the normal thrust with a
variasble-area exhaust nozzle (at optimum area). The total specific
liguid consumption at these maximum operating conditions was from
9.5 to 12 times the specific fuel consumption of the normal engine.
These high values of thrust augmentation were thus obtained at the
expense of very high rates of liguid consumption and require that
stoichiometric combustion be maintained in the engine combustion
chambers.

Lewls Flight Propulsion Laboratory, .
National Advisory Committee for Aeronautics,
Cleveland, Ohio, September 2, 1949.
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Figure 2, - Variation of augmented thrust ratio obtained by tail-pipe
burning with tail-pipe-burner-outlet temperature for various tail-pipe-
burner-inlet velocities., Turbine-outlet veloclity, 750 feet ger second;
tail-pipe-burner-inlet diffuser efficiency, 0.80; tail-pipe-burner drag
coefficient, 1.0; flight Mach number, 0; aititude, sea level,
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